Abstract: In this paper, an envelope detection scheme of single carrier 16-ary quadrature amplitude modulation (16QAM) for Intensity-Modulation/ Direct-Detection (IM/DD) radio-over-fiber (RoF) system is theoretically and experimentally investigated. Based on the proposed scheme, the mm-wave 16QAM signal is down-converted to the intermediate frequency (IF) 16QAM one by an envelope detector (ED) and there is no use of a mixer at the user side. We theoretically and experimentally study the performance of the signal under various conditions. In the system, 2 GBaud 16QAM signal is delivered over 25 km standard single mode fiber (SSMF) link and 2.9 m wireless link under bit error rate (BER) of 3.8 × 10 .
Introduction
In recent years, with the evolution of wireless communication, the demand for large bandwidth and high data rates grows faster and faster [1, 2] . In this case, Millimeterwave (mm-wave) bands come into our view because of its sufficient bandwidth [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13] . However, the disadvantages of mm-wave cannot be ignored, such as great losses and so on [14, 15, 16] . To address the issue, RoF technology is an attractive solution because of its large capacity, high flexibility and seamless integration of optical network and wireless network [17, 18] . Naturally, researchers have shown a great deal of interest in mm-wave RoF system and a lot of studies have been reported [19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32] .
Among the proposed mm-wave RoF systems, IM/DD technique is attractive because of its simple transmitter and receiver [31, 32] . It can surely reduce the complexity and cost of the system. Traditionally, however, an electrical mixer is utilized at the user side to realize down-conversion of mm-wave signal. As the carrier frequency increases, the utilizing of an electrical mixer is more expensive and difficult to be applied to practice. As a result, it is critical for practice applications to solve the problem. Envelope detection is a simple and cost-effective alternative. However, only amplitude information can be detected. Therefore, down-conversion of vector signal utilizing ED is proposed [33] . In [33, 34] , orthogonal frequency division multiplexing (OFDM) signal is down-converted to baseband by ED.
In this paper, we theoretically and experimentally investigate an envelope detection scheme of 16QAM IM/DD RoF system. By utilizing ED, down-conversion of single carrier 16QAM signal from Q-band to IF is realized. The effect of signal-tosignal beat interference (SSBI) on the desired signal, based on square-law rule, is analyzed in principle and by simulation. The performance of the system is experimentally investigated under various conditions. In the system, 2 GBaud 16QAM signal can be delivered over 25 km SSMF link and 2.9 m wireless link under BER of 3:8 Â 10 À3 .
2 Principle Fig. 1 shows the principle of envelope detection of 16QAM signal for IM/DD RoF system. An external cavity laser (ECL1) with lightwave at λ 1 is employed as a signal source. The optical 16QAM signal is generated from intensity modulator (IM) driven by the IF 16QAM signal. The IF 16QAM signal can be described as
Here xðtÞ, yðtÞ 2 fÀ3; À1; 1; 3g denote data information of the 16QAM signal. Then the optical 16QAM signal is coupled with a continuous-wavelength (CW) lightwave at 2 in an optical coupler (OC). The lightwave at 2 is generated from ECL2. The diagram of the optical spectrum is shown in Fig. 1(a) . After transmission over fiber, the mm-wave 16QAM signal is generated after the heterodyne beating of the photodiode (PD). The schematic electrical spectrum after PD is showed in Fig. 1(b) . The center frequency of the mm-wave 16QAM signal is f RF , which is equal to c Ã ð 1 À1 À 2 À1 Þ, while c is the speed of light. It can be seen that there exist some components at low frequency, and the components can be filtered after passing through an electrical amplifier (EA). After wireless transmission, the mm-wave 16QAM signal is received at the user side. Fig. 1(c) shows the electrical spectrum before the ED and the signal can be expressed as
The coefficient A represents the amplitude of RF carrier. The mm-wave 16QAM signal is converted to the IF one in the ED. The detected signal contains the desired IF 16QAM signal and SSBI. The IF 16QAM signal contains amplitude and phase information. Inset (d) in Fig. 1 shows the diagram of the electrical spectrum after the ED. The detected signal can be expressed as
We neglect the high frequency terms which contain ! RF , so the detected signal contains the desired part and SSBI. If we can keep the amplitude A large enough, SSBI is not remarkable, which will be analyzed in section 3.
At the transmitting antenna, the transmitting power P T of the amplified mmwave 16QAM signal converted from PD can be expressed as
Where P RO is the received optical power of the optical signal launched into PD, R is the photoelectric power conversion factor, L is the photoelectric conversion loss, and G is the gain of EA. According to the Friis transmission equation, the power P R available at receiving antenna can be expressed as Where D T and D R are the antenna directivities of the transmitting and receiving antennas, respectively, f is the radio frequency and d is the distance between antennas. Combining formula (4) and (5), P RO can be expressed as
For a fixed system operating at a certain frequency, which means D T , D R , G, R, L and f are constants, when achieving the same performance (P R is a constant), the relation between P RO and d can be rewritten as
þ 20 Ã log 10 ðfÞÞ is a constant.
Simulation
As analyzed in Section 2, the signal generated after ED is affected by the SSBI according the rule of square-law.
In this section, we analyze in detail how SSBI affect the desired signal by simulation. In the simulation, we set the symbol rate equal to 1 GBaud for convenience. Keeping the amplitude A equal to 1 V, the spectrum of the IF 16QAM signals with the frequency f IF of 2 GHz, 1.4 GHz and 0.75 GHz obtained after ED are shown in Fig. 2 . In Fig. 2(a) , it can be seen from the spectrum that when the frequency f IF is 2 GHz, the signal does not overlap with the SSBI, therefore the SSBI has no effect on the signal constellation. As the frequency f IF decreases, the overlapping between the signal and the SSBI becomes increasingly severe and the performance degrades. Fig. 2(d) shows that EVM decreases exponentially as f IF increases. Keeping the frequency f IF equal to 0.75 GHz, the spectrum of the IF 16QAM signal with the amplitude A of 5 V, 3 V and 1 V obtained after ED are shown in Fig. 3 . It can be seen from the constellation that when the amplitude A is equal to 5 V, the SSBI has almost no effect on the signal. With the decrease of amplitude A, the effect of SSBI is more and more serious. As shown in Fig. 3(d) , with the increase of amplitude A, EVM decreases exponentially. 4 shows the experimental setup of envelope detection of 16QAM single carrier signal for IM-DD RoF system. At the transmitter, the CW lightwave from an external cavity laser (ECL1) at 1593.696 nm with a linewidth about 100 kHz is employed as a signal source. We generate the driving signal by a 24 GS/s AWG with an offline Matlab ® program. The data is firstly mapped to 16QAM complex symbols and the symbols are then shaped using root raise cosine (RRC) filter with roll-factor of 0.3. After shaping, the baseband 16QAM signal is up-converted to IF, and the frequency f IF is equal to 0.75 Â symbolrate. The IF signal is amplified by an EA to drive the IM (27 GHz bandwidth and 5 dB insertion loss), which is biased at the linear regime. The peak-to-peak value of the modulation voltage (Vpp) varies from 1.6 V to 3.2 V to measure the effect of SSBI according to the EVM curve, and the Vpp is set to 2 V to measure the BER performance of the system. Then we use an OC to combine the optical 16QAM signal with another lightwave generated from ECL2 at 1593.361 nm. Fig. 5 shows the spectrum of the coupled signal and it can be seen that the frequency spacing between the two lightwaves is 39.3 GHz. The resolution of the spectrum is 0.01 nm. Various fiber lengths are tested in the experiment and there is no Erbium Doped Fiber Amplifier (EDFA) used before and after SSMF transmission. After transmission over fiber, we use an attenuator to control the received optical power. Then the 39.3 GHz 16QAM signal is generated by the beating of the two lightwaves at the PD (3 dB bandwidth of 70 GHz and responsivity of 0.6 A/W). After amplification by EA, the generated 16QAM signal is sent into free air by a horn antenna with 20 dBi gain at Q-band. The EA has 30 dB gain and the bandwidth of the EA is from 36 GHz to 41 GHz. At the user side, the Q-band 16QAM signal is received by the same horn antenna and the received signal is then amplified by the same EA as the first one. The signal is down-converted to IF by ED after amplification. Finally, the IF 16QAM signal is sampled by a 50 GS/s oscilloscope and processed by offline Matlab ® program. 
Experimental results and discussion
When the input optical power of IM is a constant value and IM is biased in the linear region, the output power of the modulator is a determined value. Thus, the increase or decrease of carrier power is a zero sum relation with the increase or decrease of signal power on the side band. By adjusting the modulation voltage of IM, the proportional relation between carrier power and sideband signal power can be controlled. When the modulation voltage increases, the sideband signal power increases and the carrier power decreases, which means that the higher the modulation voltage is, the smaller the coefficient A is in section 2. Fig. 6 shows the curve of EVM versus modulation voltage. It can be seen that EVM increases with Vpp in general, with the reflection in insert (b)-(d) that the signal is getting more SSBI with Vpp increases. This is consistent with the theoretical results in section 2. For point (a), the EVM is larger than that of (b). This is because the signal is affected mainly by noise rather than SSBI when the modulation voltage is lower than a threshold. Fig. 7(a) shows the curve of BER versus received optical power before the PD. In the experiment, 1 GBaud 16QAM signal and 2 GBaud 16QAM signal are transmitted for a wireless distance of 1.2 m at BTB case. An optical attenuator is applied to adjust the received optical power and the measured results show that as the received optical power increases, the BER of the 16QAM signal decreases. The BER can be below 3:8 Â 10
À3 when the received power is above −3.4 dBm for 1 GBaud 16QAM signal and above −1 dBm for 2 GBaud 16QAM signal. It can be seen that 2 GBaud 16QAM signal needs a 2.3 dB additional gain to reach the same performance as 1 GBaud 16QAM signal with a BER of 10 À3 . Fig. 7(b) shows the curve of BER versus symbol rate of the 16QAM signal. Controlling the received optical power at −2 dBm, different symbol rate 16QAM signals are transmitted for a wireless distance of 1.2 m at BTB case. It can be seen that as the symbol rate increases, the BER increases logarithmically. And the BER can be below 3:8 Â 10
À3 when the symbol rate is lower than 1.4 GBaud. ED down-conversion is a good choice for large-scale construction of mm-wave ROF system due to its aforementioned advantages. As analyzed in sections 2 and 3, if the f IF is large enough, the desired signal does not overlap with SSBI. In this case, SSBI has no effect on the desired signal. However, it will cause a waste of frequency resource. When keeping f IF equal to 0.75 Â symbolrate, there is almost no spectrum wasted. If the amplitude A is large enough, the effect of SSBI is not remarkable. In the experiment, by keeping the input optical power fixed and adjusting the amplitude of the drive signal (the peak-to-peak value of the modulation voltage), it can be achieved that amplitude A is relative large enough compared to the amplitude of the signal. In this way, performance can be achieved the same as the simulation results, in which SSBI can be neglected.
Conclusion
We theoretically and experimentally investigate an envelope detection scheme of 16QAM signal for IM/DD RoF system. We analyze the envelope detection of 16QAM in principle and mathematically. Under the circumstances of different IF and the amplitude A, we simulate the effect of SSBI on the desired signal. We experimentally investigate the performance of the signal under various conditions, such as received optical power, symbol rate, fiber length and wireless length. In the system, 2 GBand 16QAM signal is delivered over 25 km SSMF link and 2.9 m wireless link under BER of 3:8 Â 10
À3 .
